Introduction
Isolation of selected wavelengths of light with high resolution grating monochromators is a common operation in spectrochemical methods of analysis. Commercial monochromators and monochromator controllers are often unable to control the monochromator's operating parameters with the resolution required in automated systems. If a monochromator is to be used in a completely automated system its controller should provide a number of important capabilities: initialisation of wavelength and slitwidth operation; calibration of the wavelength and slitwidth; the ability to select any wavelength available; the ability to set any slitwidth available; provide operator interaction directly (stand-alone mode);
and permit interaction with other microprocessors in the measurement system (slave mode).
The controller should be extremely reliable for unattended use. In addition, the controller should also be able to operate in high noise environments without loss of accuracy and should not be the source of noise that will affect the operation of other parts of the instrument. The EU-700 (GCA/McPherson, 530 Main Street, Acton, MA, 01720, USA.)monochromator [1] was used in this study because it can be readily modified to provide these capabilities.
Instrumentation
The 
Wavelength drive
The wavelength drive is a sine-bar and precision leadscrew assembly driven by a slew motor for large wavelength changes (9 nm/sec) and a stepping motor for scanning and fine wavelength adjustment (zero to 2 nm/sec). The stepping motor is normally engaged. The slew motor is engaged using an ac solenoid when the slew motor is on.
Stepping motor 
STEPPING MOTOR
motor. This would be less attractive because high-speed stepping motors tend to be large, run hot, and require large power supplies. In general high-speed steppers are much slower (3 nm/sec max speed) than the slew motor (9 nm/sec) used in this monochromator. Major modifications to the monochromator would have been required for mounting the motor. Venting the heat produced is possible but could create problems with the optical system.
The slew motor is an ac induction motor with shading coils and a squirrel-cage rotor [2] . Figure 2 has eliminated the noise spikes and resulting errors in the wavelength counter due to slew motor operation.
Slitwidth drive
The slits are straight knife edges adjustable from 5 to 2000/am.
The entrance and exit slits are connected to a single control shaft. A stepping motor of the same type used on the wavelength drive is directly coupled to the control shaft using a pair of miter gears.
Filter selection
To decrease the amount of stray-light passing through the monochromator an optional filter module with a ten-position filter wheel is available. The filter wheel is positioned behind the entrance slit. The proper filter is moved into position when the filter's select line is shorted to the internal common using one of several SK3506 triacs as shown in Figure 3 . 
Encoder devices
In this system several encoding devices are used. These include a relative wavelength encoder, single-value absolute encoders on the wavelength and slitwidth drives, limit switches on the wavelength and slitwidth drives, and a "filter-change-inprogress" signal on the filter mechanism.
Absolute VS relative encoders To provide the required resolution for the wavelength drive, an absolute encoder with at least one part in ten thousand resolution (14 bits) across the wavelength range is needed.
This would be prohibitively expensive.
The high cost of absolute encoders can be avoided by maintaining a wavelength counter. This counter must be set each time the instrument is turned on. A relative encoder with the proper resolution is used to update the wavelength counter. This method would preclude the complete automation of the monochromator because it normally requires the operator to initialise the counter. For this controller the relative encoder provided with the monochromator is used across the wavelength range, and an automatic absolute encoder is used for the calibration sequence at a single wavelength.
Single-value absolute encoders
The wavelength and slitwidth absolute encoders are single value encoders. These encoders allow the automatic encoding of the wavelength to within 0.01 nm and encoding of the slitwidth to within 0.25 /am. This is as accurately as the mechanical counters on the monochromator can be manually read and set. The absolute encoders were constructed from the counters on the top of the monochromator module. The wavelength and slitwidth counters are removed from the monochromator module. The wavelength and slitwidth counters are removed from the monochromator and modified following the design of Cordos 16 Frost Street, Arlington, MD, 02174, USA.). The optical tachometer provides quadrature output that determines the direction and magnitude of the wavelength change. The circuitry that converts the quadrature outputs to increment or decrement pulses requires the detection of an edge from each phase before producing the pulse. The circuit is shown in Figure 5 . The resulting pulses generate interrupts in the microprocessor that increment or decrement the wavelength counter.
A relative wavelength encoder would not necessarily be required if movements were made only through use of the stepper motor. Because of the slew motor's inertia and the speed at which movement occurs, only large coarse wavelength changes can be made with the slew motor. Even if the slew motor were not used, however, the relative encoder would provide important assurance that the wavelength was properly set.
Limit switches
Another set of absolute encoders is provided by limit switches on the wavelength and slitwidth drives as shown in Figure 6a . The limit switches for both the slitwidth and the wavelength drives are used as a point of reference for the calibration procesures. The limit switches also provide important protection for the wavelength and slitwidth drives. Although the limit signals are returned and detected by the microprocessor, the limit signals are also used on the control board to prevent any movement in the direction of the limit through the board's control logic. This prevents damage to either drive.
When the sine-bar nears its limit of travel on the leadscrew, the wavelength limit switches are actuated by the limit switch actuator bar attached to the sine-bar. The slitwidth limit switches are actuated when the slitwidth stops reach their mechanical limit. When the filter wheel is in a detent position, the filter-change line from the filter module is low. When a filter change is occurring, the filter-change line rises between filters. Each rising edge triggers a retriggerable monostable shown in Figure 6b , which sets the "filter-change-in-progress" signal high for one second. When the filter wheel is moving, the filter-change line pulses more than once per second. This causes the "filter-change-in-progress" signal to remain high until the filter wheel stops. The microprocessor inhibits scanning by the monochromator during the filter change interval.
The 8080 microprocessor system
The microprocessor is the source of the control signals for the electromechanical system in the monochromator, and receives feedback signals from the monochromator, as well as instructions from the keyboard or the master microprocessor. The present status of the monochromator is vides any needed service by executing one of the service subroutines tabulated in Table 2 . Input of commands is performed by the keyboard subroutine in the stand-alone mode and by the slave subroutine in the slave mode. These subroutines then call the instruction subroutine. The instruction subroutine decodes the instruction and sets up and starts any move required. The commands and their functions are tabulated in Table 3 . The program was written in assembly language because of speed requirements, since wavelength interrupts occur at 900 Hz when slew motor is on. The microprocessor must update the wavelength counter 900 times a second, and simultaneously must service the display, while continually comparing the desired and actual wavelength.
Power supply
The control board requires 5 volts at amp and 32 volts at 0.5 amps. The required voltages are supplied by an onboard power supply. The microprocessor is supplied with +5, +15, and -15 volts from a Power-One CBB-75W power supply (P.O. Box 1261, Canoga Park, CA, 19304, USA.).
Results
The accuracy of the monochromator controller was tested with atomic lines from hollow cathode lamps. The measurement system used is shown in Figure 8 . The controller was tested in both the stand-alone mode and in the slave mode.
The master microprocessor used programs written in BASIC to control the slave microprocessor.
The wavelength calibration procedure was tested by first calibrating the wavelength drive, then moving to a wavelength below the 253.65 nm emission line of mercury hollow cathode lamp and stepping through the emission line. The measured emission wavelength maximum was then compared to the standard value [6] . This procedure was repeated one hundred times, and the measured peak maximum (253.55 nm)was within the accuracy of the lead screw (0.1 nm) and was reproducible to within +/-0.01 nm.
Slitwidth calibration was tested by moving to 100, 50, and 20 /.tm, after calibrating the slitwidth. The intensity of light passed through the monochromator to the detector was measured 100 times at each slitwidth. The measured intensity never varied more than one per cent for any slitwidth setting. This corresponds to an error of 0.2 ktm in the slitwidth setting.
Accuracy during unattended operation was tested for as long as 8 hours while the monochromator controller was in the slave mode. The monochromator wavelength drive was in continuous movement during the test period. At the end of the test period the monochromator controller wavelength error was less than 0.01 nm. This is within the resolution of the monochromator. The error for the slitwidth movement was less than the step resolution or less than 0.25/am.
Because of the high precision of this controller the wavelength accuracy error caused by the leadscrew run-out error for a portion of the wavelength ,range could be measured. The measured peak maximums were compared to the known wavelengths for specific lines, and the error was calculated as shown in Table 4 greater than the monochromator's specification, it should be noted that the monochromator used in this study is [1] and differential capacitance [2] . Associated with the latter, relying on a dielectric change, are methods using a change of refractive index [3] currently the subject of a patent application [5] . In principle, separation is effected by absorption of both phases into a porous nickel-chrome alloy disc mounted on a motor-driven shaft. Controlled angular acceleration and centripetal force on the droplets within the pores enables one phase to be separated from the other. The speed of rotation of the porous disc is coupled microelectronically to the vertical component of its motion so that separated droplets leaving the disc tangentially are trapped by hitting the walls of
